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Abstract
We study the loop-induced circularly polarized gamma rays from dark matter annihilation using
the effective dark matter theory approach. Both neutral scalar and fermionic dark matter anni-
hilating into monochromatic diphoton and Z-photon final states are considered. To generate the
circular polarization asymmetry, P and CP symmetries must be violated in the couplings between
dark matter and Standard Model fermions inside the loop with non-vanishing Cutkosky cut. The
asymmetry can be sizable especially for Z-photon final state for which asymmetry of nearly 90%
can be reached. We discuss the prospect for detecting the circular polarization asymmetry of
the gamma-ray flux from dark matter annihilation in the Galactic Center in future gamma-ray
polarimetry experiments.
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I. INTRODUCTION
Recent cosmological observations such as the cosmic microwave background, large scale
structures, and galactic rotational curves concordantly imply the existence of a large amount
of cold dark matter (CDM) in the Universe [1, 2]. The most well-motivated candidate for the
CDM is a non-Standard Model (SM) particle such as the lightest supersymmetric particle,
extra dimension, hidden sector, and Higgs portal dark matter (DM). So far all experimental
searches for these particles remain elusive, giving us stringent constraints to their interactions
with the SM sector (see Ref. [3] for a recent review).
Unlike the hunting for DM signals as missing energies in colliders or the direct measure-
ment in cryogenic detectors of the recoil energy of target nuclei bombarded by Galactic halo
DM particles, the indirect observation of DM particles accumulated in the Solar core or
Galactic center via their decay or annihilation products such as gamma (γ) rays, positrons,
antiprotons, and neutrinos, usually suffers from uncontrollable astrophysical environment
and background. There are claims from time to time of excess diffuse or Galactic γ rays
and excess positron flux in cosmic rays that are above the astrophysical background, but
interpreting the data as the DM signal may be wrong without a thorough removal of the
astrophysical uncertainties. As such, any distinct feature of the potential DM signal that
helps distinguish DM particles from astrophysical sources would be very invaluable. The
capability of detecting polarization in future γ-ray observations will provide a new tool to
probe the nature of DM [4]. It is certainly important to explore the possibility for a net
linear or circular polarization of γ rays coming from DM annihilations or decays. Recent
work along this direction can be found in Refs. [5–11]. Most of these studies are based on
specific model buildings. In this Letter, we will study the circular polarization of γ rays from
DM annihilations using the effective DM theory approach. This is a systematic and model
independent way of studying the annihilation of neutral DM particles into γ rays that allows
us to obtain the conditions for a net circular polarization of the γ rays.
In the following, we start with the effective operators of interest for both scalar and
fermion DM in Sec. II. A little digression addressing the convention of photon polarization as
well as fermion spinor wavefunction is devoted in Sec. III. We then proceed to compute loop-
induced amplitudes of different photon polarizations for the diphoton final state, followed
by the Zγ channel in Secs. IV and V respectively. The numerical results are presented in
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Sec. VI, and the summary and prospects of future observations are discussed in Sec. VII.
II. EFFECTIVE DARK MATTER INTERACTIONS
For complex scalar DM, we consider the following dimension 5 effective operator
LS = (4pi)
2
Λ
(χ∗χ)
(
f¯
(
CSf + iC
P
f γ5
)
f
)
, (1)
where CSf and C
P
f are real and f refers to a SM charged fermion. Λ is an effective high
cutoff scale which we do not need to specify explicitly.
For Dirac DM, we will focus on three dimension 6 effective operators. The first one is
LD1 =
(4pi)2
Λ2
(
χ¯
(
CSχ + iC
P
χ γ5
)
χ
) (
f¯
(
CSf + iC
P
f γ5
)
f
)
, (2)
with real CSf,χ and C
P
f,χ. The second one is
LD2 =
(4pi)2
Λ2
(
χ¯γµ
(
CLχPL + C
R
χ PR
)
χ
) (
f¯γµ
(
CLf PL + C
R
f PR
)
f
)
. (3)
Since the coefficients CL,Rχ,f are necessarily real, there is no complex parameter in LD2 , we
do not expect it will give rise to net circular polarization. This will be checked by explicit
calculations in Secs. IV and V. The last one is
LD3 =
(4pi)2
Λ2
(
χ¯σµν
(
C˜LχPL + C˜
R
χ PR
)
χ
)(
f¯σµν
(
C˜Lf PL + C˜
R
f PR
)
f
)
, (4)
with C˜Rχ = (C˜
L
χ )
∗ and C˜Rf = (C˜
L
f )
∗. Note that we have normalized the effective operators in
Eqs. (1)-(4) according to the naive dimensional analysis [12].
Using the self-duality identities
i
2
αβµνσµνPL,R = ±σαβPL,R , (5)
LD3 in Eq. (4) can be rewritten as
LD3 =
(4pi)2
Λ2
[
C˜χf (χ¯RσµνχL)
(
f¯Rσ
µνfL
)
+ C˜∗χf (χ¯LσµνχR)
(
f¯Lσ
µνfR
)]
, (6)
with C˜χf = C˜
L
χ C˜
L
f and C˜
∗
χf = C˜
R
χ C˜
R
f = (C˜
L
χ C˜
L
f )
∗.
It is straightforward to extend our analysis to the case of real scalar or Majorana DM.
For the Majorana case, we note that χ¯γµχ = 0, χ¯σµνχ = 0, χ¯σµνγ5χ = 0. We will not
consider these cases any further here.
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III. PHOTON POLARIZATION VECTORS AND FERMION SPINORS
In this section, we specify the convention on photon polarization and fermion spinor wave-
function adopted in this work. Following Refs. [8, 13], a photon traveling with 4-momenta
kµ = (k0, 0, 0, kz) has the right-handed (+) and left-handed (−) circular polarization vectors
denoted by
µ± =
1√
2
(∓µ1 − iµ2) , (7)
with
µ1(k) = (0, 1, 0, 0) , 
µ
2(k) =
(
0, 0,
kz
|kz| , 0
)
. (8)
For the Z boson, besides the above two circular polarization vectors, we also need
µL(k) =
1
mZ
(
k, 0, 0,
√
k2 +m2Z
)
, (9)
for the longitudinal component of the Z boson with 3-momentum k = kzˆ along the +zˆ
direction as we will discuss the Zγ final state as well.
On the other hand, assuming the Dirac DM pair annihilates at rest, the four-component
spinor for a Dirac DM particle χ of spin s = 1/2 in the limit of vDM → 0 is
us(|~p| = 0) = √mχ
ξs
ξs
 , (10)
while for antiparticle, one has
vs(|~p| = 0) = √mχ
 ξ−s
−ξ−s
 , (11)
where ξs denotes the two-component spin wavefunction. Explicitly we have ξ1/2 = (1, 0)T
and ξ−1/2 = (0, 1)T corresponding to the DM having spin up and spin down along the +zˆ
direction.
IV. DRESSING FOR MONOCHROMATIC GAMMA RAYS
Dressing the above effective operators by closing the charged fermion f into a loop, we can
discuss DM annihilation into monochromatic gamma rays: χ∗χ→ γγ, Zγ or χ¯χ→ γγ, Zγ.
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We will focus on the γγ case in this section and present the Zγ case in the next section.
In this work, we use FeynCalc [14, 15] for analytical computation of one-loop diagrams and
LoopTools [16] for numerical loop integrals.
A. Complex Scalar Dark Matter
For complex scalar DM annihilating into two photons via the interaction of LS, the
calculation is virtually identical to the case of decaying DM studied by Elagin et al [9].
In the following, we will adopt the symbols B0 and C0 defined in the Passarino-Veltman
integrals [17],
B0
(
r210,m
2
0,m
2
1
)
=
(2piµ)
ipi2
∫
ddk
1∏
i=0
1
(k + ri)
2 −m2i
,
C0
(
r210, r
2
12, r
2
20,m
2
0,m
2
1,m
2
2
)
=
(2piµ)
ipi2
∫
ddk
2∏
i=0
1
(k + ri)
2 −m2i
, (12)
with the convention of Ref. [14], where  = 4 − d and r2ij = (ri − rj)2. In this convention,
one has
(d− 4)B0
(
4m2χ,m
2
f ,m
2
f
)
= −2 +O () ,
C0
(
4m2χ, 0, 0,m
2
f ,m
2
f ,m
2
f
)
= − 1
2m2χ
f(xf ) , (13)
where xf = m
2
f/m
2
χ and
f(x) =

(
arcsin
1√
x
)2
, for x > 1 ;
−1
4
[
log
1 +
√
1− x
1−√1− x − ipi
]2
, for x ≤ 1 .
(14)
For each internal fermion species, there are two contributions: one shown in the left panel
of Fig. 1 plus the other one with the two photons being swapped, (p3, µ) ↔ (p4, ν). The
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FIG. 1. Left: A representative loop diagram for DM annihilates into two photons, where curvy
dashed lines indicate Cutkosky cuts on internal fermions which are required for polarization asym-
metry. See the main text for details. Right: Illustration of dominant contributions from the
interference of heavy-light fermions to polarization asymmetry.
amplitude reads
Mf =Mµνf ∗µ(p3)∗ν(p4) ,
Mµνf =−
(4pi)2
Λ
i3 (−ieQf )2NC
×
∫
ddk
(2pi)d
Tr
((
CSf + iC
P
f γ5
) /k − /p4 +mf
(k − p4)2 −m2f
γν
/k +mf
k2 −m2f
γµ
/k + /p3 +mf
(k + p3)2 −m2f
+(p3, µ)↔ (p4, ν)
)
=− mf
4 pi2m2χ
(eQf )
2NC
(
ηµν1 + 2C0
(
4m2χ, 0, 0,m
2
f ,m
2
f ,m
2
f
)
ηµν2
)
, (15)
with Qf and NC being the electric charge and number of color of f , and
ηµν1 =C
S
f
(
− 2m2χgµν + (1 + 2∆B0) pµ3pν4 + pν3pµ4
)
,
ηµν2 =C
P
f m
2
χ
µνp3p4 + CSf
( (
m2χ −m2f
) (
2m2χg
µν − pν3pµ4
)
+
(
m2χ +m
2
f
)
pµ3p
ν
4
)
, (16)
where
µνp3p4 ≡ µναβp3αp4β , ∆B0 ≡ B0
(
4m2χ,m
2
f ,m
2
f
)−B0 (0,m2f ,m2f) . (17)
The polarization transversality makes vanishing contributions from the terms of pµ3p
ν
4 and
pµ4p
ν
3.
Based on the definition of the photon polarization vectors in Eqs. (7) and (8), to leading
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order in vDM, the helicity amplitudes for the two photons in the final state are
Mf (±,∓) = 0 , (18)
Mf (+,+) = (4pi)
2
Λ
If (+,+) , Mf (−,−) = (4pi)
2
Λ
If (−,−) , (19)
with
If (+,+) =
2NCQ
2
fαem
pi
mf
[
((xf − 1) f(xf )− 1)CSf + if(xf )CPf
]
, (20)
If (−,−) =
2NCQ
2
fαem
pi
mf
[
((xf − 1) f(xf )− 1)CSf − if(xf )CPf
]
, (21)
where αem = e
2/(4 pi), xf = m
2
f/m
2
χ and f(x) is defined in Eq. (14). The result is in
agreement with Ref. [9]. If xf > 1, then f(xf ) is real. This implies If (−,−) = (If (+,+))∗,
and thus there will be no net circular polarization even though CP is violated by complex
couplings. On the other hand, if xf ≤ 1, then f(xf ) is complex and in general |If (+,+)|2 6=
|If (−,−)|2. It corresponds to the internal fermions being on-shell marked by the black
dashed line (Cutkosky cut) in the left panel of Fig. 1. As a result, a net circular polarization
can be produced in this case. Note that there are in fact three possibilities of having
complex loop integrals which are correlated with Cutkosky cuts on any two of the three
internal fermions. As we shall see below, when one of the outgoing photons is replaced by
the massive Z boson, there exists more nontrivial region of the parameter space that can
induce polarization symmetry, as indicated by the red dashed Cutkosky cut on the internal
fermions connected to Z.
In reality, we need to sum over all possible charged fermions running inside the loop.
|M|2 =
∣∣∣∣∑
f
Mf (+,+)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (−,−)
∣∣∣∣2 . (22)
Therefore, there are mixing terms between contributions from different fermions leading
to complicated expressions of the asymmetry between the (+,+) and (−,−) polarizations.
Although directly from Eqs. (20) and (21) it is straightforward to infer the total asymmetry
including all contributions, for illustrative purposes we show only the asymmetry due to a
single fermion field f in the loop:(∣∣∣∣Mf (+,+)∣∣∣∣2 − ∣∣∣∣Mf (−,−)∣∣∣∣2
)
= 8
(
NCQ
2
fαem
pi
mf
)2
C2f |f(xf )| sin 2θ1 sin θ2 , (23)
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where
Cf =
√
CSf
2
+ CPf
2
, CPf = Cf sin θ1 and f(xf ) = |f(xf )| (cos θ2 + i sin θ2) . (24)
It is clear that the asymmetry requires two complex phases associated with the coupling
constants and the loop integrals, respectively. In addition, both CSf and C
P
f have to be
nonzero; otherwise, one can always rotate away the phase θ1 by field redefinition.
Due to the fact that the amplitude is proportional to mf , in case DM is heavier than
all of possible internal fermions and the effective couplings are roughly the same order
for the fermions, dominant contributions to polarization asymmetry will come from the
heaviest fermions. On the other hand, when the DM mass is among the fermion ones, the
main contributions arise from the heavy-light interference where the heavy internal fermion
provides a complex coupling constant while the light-fermion loop supplies a complex loop
integral as demonstrated in the right panel of Fig. 1.
B. Dirac Dark Matter
Here we consider effective operators LD1,2,3 for Dirac DM. Consider χ(k1, s1)χ¯(k2, s2) →
γ(k3, h3)γ(k4, h4), where (k1, s1) and (k2, s2) are the momenta/helicities of the DM χ and χ¯,
and (k3, h3) and (k4, h4) are the momenta/helicities of the two final state photons. Denote
the helicity amplitude for the process asM(s1, s2;h3, h4). Summing over the initial spins of
the DM, we have
|M(h3, h4)|2 =
∑
s1,s2
|M(s1, s2;h3, h4)|2 . (25)
1. LD1
The calculation for this case is very similar to LS.
|M(h3, h4)|2 = (4pi)
4
Λ4
[(
k1 · k2 −m2χ
)
(CSχ )
2 +
(
k1 · k2 +m2χ
)
(CPχ )
2
] ∣∣∣∣∑
f
If (h3, h4)
∣∣∣∣2 . (26)
If (h3, h4) is the helicity amplitude of the two photon final state. Again to leading order in
vDM, the only non-vanishing components are If (+,+) and If (−,−) given by (20) and (21)
respectively. For non-relativistic DM, k1 = k2 ≈ (mχ,~0) and k1 · k2 = m2χ. We then have
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the simpler result
|M(h3, h4)|2 ≈ (4pi)
4
Λ4
2m2χ(C
P
χ )
2
∣∣∣∣∑
f
If (h3, h4)
∣∣∣∣2 . (27)
Note that CSχ has dropped out in the non-relativistic limit because of velocity suppression.
Again since in general we have |∑f If (+,+)|2 6= |∑f If (−,−)|2, net circular polarization
will be produced from χχ¯→ γγ via LD1 . The circular polarization asymmetry from a single
fermion species is proportional to
1
4
(∣∣∣∣Mf (+,+)∣∣∣∣2 − ∣∣∣∣Mf (−,−)∣∣∣∣2
)
= 16
(
NCQ
2
fαem
pi
mfmχ
)2
CPχ
2
C2f |f(xf )| sin 2θ1 sin θ2 ,
(28)
which is identical to Eq. (23) up to a factor of 2m2χC
P
χ
2
.
2. LD2
Although it is not expected that LD2 will give rise to net circular polarization as all the cou-
plings are real, we however check this statement by explicit calculation. For χ(p1) χ¯(p2)→
γ(µ(p3)) γ(
ν(p4)), the DM side has the amplitude
Mσ(DM) = (4pi)
2
Λ2
∑
s,s′
vs′(p2)γσ
(
CLχPL + C
R
χ PR
)
u(p1)
s , (29)
while the SM side has
Mσf (SM) =Mσµνf ∗µ(p3)∗ν(p4) ,
Mσµνf = (−1) i3 (−ieQf )2NC
(
CRf − CLf
)
2
×
∫
ddk
(2pi)d
Tr
(
γσγ5
/k − /p4 +mf
(k − p4)2 −m2f
γν
/k +mf
k2 −m2f
γµ
/k + /p3 +mf
k2 −m2f
+(p3, µ)↔ (p4, ν)
)
,
= (−i) (eQf )2NC
(
CRf − CLf
)
2
× [λσµν1 ∆B0 + λσµν2 (1 + 2m2f C0 (4m2χ, 0, 0,m2f ,m2f ,m2f))] , (30)
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with
λσµν1 =
1
8pi2m2χ
(σνp3p4pµ3 − σµp3p4pν4) ,
λσµν2 =
1
8pi2m2χ
(
σµp3p4pν3 − σνp3p4pµ4 + 2m2χ (σµνp3 − σµνp4)
)
, (31)
where σµνp(3,4) = σµνκp(3,4)κ. Again, the λ
σµν
1 term will not contribute as transversality of
the photon polarization vectors dictates pµ3µ(p3) = p
ν
4ν(p4) = 0, which is not the case if
the photon is replaced by the Z boson that has a longitudinal component. Note that the
term proportional CRf +C
L
f (γ
σ term) is vanishing due to Furry’s theorem from charge con-
jugation (C) invariance in QED. In addition, our results are consistent with Ref. [18], which
demonstrates that the amplitude Mσµνf can in general be decomposed into six terms. The
corresponding coefficients are correlated as a result of the invariance under the two photon
exchange, (µ, p3) ↔ (ν, p4), and the Ward-Takahashi identity: Mσµνf p3µ = Mσµνf p4ν = 0.
See, for instance, Stephen L. Adler’s lecture on “Perturbation Theory Anomalies” in [19] for
a pedagogical review.
Furthermore, one can reproduce computation of the well-known axial current anomaly
by contracting the amplitude with the total momentum in the limit of mf → 0:
i(p3 + p4)σMσf (SM) = −(eQf )2NC
(
CRf − CLf
)
2

∗
3
∗
4p3p4
2pi2
. (32)
By combining the DM and SM amplitudes and with the help of Eqs. (7) to (11), one has for
the amplitude squared
|M|2 = 1
4
(∣∣∣∣∑
f
Mf (+,+)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (−,−)
∣∣∣∣2
)
, (33)
where to leading order in vDM,
Mf (±,∓) = 0 , (34)
Mf (±,±) = (4pi)
2
Λ2
√
2NC Q
2
f αemm
2
χ
pi
(
CRχ − CLχ
) (
CRf − CLf
)
(1− xff(xf )) . (35)
Since |∑f Mf (+,+)|2 = |∑f Mf (−,−)|2, there is no net circular polarization as expected
from general argument of the lack of complex couplings in LD2 .
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3. LD3
For LD3 , the calculation is straightforward but tedious. The DM side has the amplitude
Mαβ(DM) = (4pi)
2
Λ2
∑
s,s′
vs′(p2)σαβ
(
C˜LχPL + C˜
R
χ PR
)
u(p1)
s , (36)
while the SM side has
Mαβf (SM) =Mαβµνf ∗µ(p3)∗ν(p4) ,
Mαβµνf = (−1) i3 (−ieQf )2NC
(
C˜Rf − C˜Lf
)
2
×
∫
ddk
(2pi)d
Tr
(
σαβγ5
/k − /p4 +mf
(k − p4)2 −m2f
γν
/k +mf
k2 −m2f
γµ
/k + /p3 +mf
(k + p3)2 −m2f
+(p3, µ)↔ (p4, ν)
)
,
= (−i)(eQf )2NC
(
C˜Rf − C˜Lf
)
2
καβµν1 C0
(
4m2χ, 0, 0,m
2
f ,m
2
f ,m
2
f
)
, (37)
with
καβµν1 =
mf
4pi2
(
gαµβνp3p4 − gανβµp3p4 + pα3 βµνp4 − pα4 βµνp3 − (α↔ β)
)
. (38)
Based on Eqs. (7), (10) and (11), it is straightforward to show that καβµν1 is zero after
contracting with ∗µ(p3)
∗
ν(p4) and σαβ on indices α, β, µ and ν.
A simple way to understand the vanishing amplitude is to notice that the initial state
corresponding to either the magnetic or electric dipole moment is odd under C, whereas each
of the two photons in the final state is also odd under C. It leads to a vanishing amplitude
according to the Furry’s theorem.
Another way to understand this is to see if one can write down effective operators to
describe the amplitude. Due to gauge invariance one needs to involve two EM field strength.
Possible effective operators are
χ¯σµν
(
C˜LχPL + C˜
R
χ PR
)
χF µαF να , (39)
χ¯σµν
(
C˜LχPL + C˜
R
χ PR
)
χ µνρσFραF
α
σ , (40)
χ¯σµν
(
C˜LχPL + C˜
R
χ PR
)
χF µαF˜ να . (41)
The first two operators vanish identically. The third operator is non-zero, but as demon-
strated by explicit calculation above, its coefficient is zero.
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V. Zγ FINAL STATE
Here we collect the results for the Zγ final state, where we sum over three Z polar-
izations: right-handed (+), left-handed (−) and longitudinal (L) polarizations. Note that
for the following results, we have explicitly checked that the Goldstone boson equivalence
theorem (for Z(p3)) and the Ward-Takahashi identity (for γ(p4)) hold respectively. That is,
Mα···µνp3µ = mZMα···ν and Mα···µνp4ν = 0, where mZ is the Z mass.
A. Complex Scalar Dark Matter
Due to conservation of angular momentum, only the (+,+) and (−,−) helicity configura-
tions with the first (second) entry refers to the Z (γ) polarization have nonzero amplitudes.
|M|2 =
∣∣∣∣∑
f
Mf (+,+)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (−,−)
∣∣∣∣2 , (42)
where to leading order in vDM, Mf (±,∓) =Mf (L,±) = 0 and
Mf (+,+) = 2ys
pi
(4pi)2
Λ
4− xZ
4
mf
[
− ρ1
(4− xZ)2C
S
f + iρ2C
P
f
]
,
Mf (−,−) = 2ys
pi
(4pi)2
Λ
4− xZ
4
mf
[
− ρ1
(4− xZ)2C
S
f − iρ2CPf
]
, (43)
with
ρ1 = 16 + g(xf , xZ) (4− xZ) (4− 4xf − xZ) + 4 xZ∆B1 ,
ρ2 = g(xf , xZ) , (44)
where xZ = m
2
Z/m
2
χ, ys = NC Q
2
f zV αem (with the vector coupling zV defined in Eq. (46)
below) and
g(xf , xZ) ≡ − 2m2χC0
(
4m2χ,m
2
Z , 0,m
2
f ,m
2
f ,m
2
f
)
,
∆B1 ≡B0
(
4m2χ,m
2
f ,m
2
f
)−B0 (m2Z ,m2f ,m2f)− 1 . (45)
Note that g(xf , xZ) and ∆B1 can be complex if the internal fermions are on-shell, where
complex B0
(
4m2χ,m
2
f ,m
2
f
)
and B0
(
m2Z ,m
2
f ,m
2
f
)
correspond to two Cutkosky cuts marked
by the black and red dashed lines respectively in the left-panel of Fig. 1.
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The symbol zV corresponds to the fermion vector coupling
1 to Z normalized to the
corresponding electric charge. For instance, with the internal electron one has
zV =
1
eQe
g
cos θW
(
T 3 − 2 sin2 θWQe
2
)
, (46)
where g is the SM SU(2)L gauge coupling, e is the electric coupling, θW is the Weinberg
angle, Qe = −1 and T 3 = −1/2. In the following, we will also use the symbol zA for the
axial current, e.g.,
zA =
1
eQe
g
cos θW
(
−T
3
2
)
, (47)
for the electron. Note that one can reproduce Eqs. (20) and (21) above by setting xZ = 0,
zV = 1, and g(xf , xZ)→ f(xf ). The circular polarization asymmetry from contributions of
a fermion f is proportional to∣∣∣∣Mf (+,+)∣∣∣∣2 − ∣∣∣∣Mf (−,−)∣∣∣∣2
=
(4pi)4
Λ4
2 y2s xf
pi2
C2f |g(xf , xZ)| sin 2θ1 (4 sin θ′2 + xZ |∆B1| sin (θ′2 − θ3)) , (48)
where
g(xf , xZ) = |g(xf , xZ)| (cos θ′2 + i sin θ′2) and ∆B1 = |∆B1| (cos θ3 + i sin θ3) . (49)
B. Dirac Dark Matter
1. LD1
As mentioned above in the diphoton case, at amplitude-squared level the result is similar
to that of the scalar DM case, except for an additional factor from the trace of DM spinor
wavefunctions. In the limit of zero DM velocity, the asymmetry is simply given by Eq. (48)
multiplied by 2m2χ(C
P
χ )
2.
2. LD2
One has for the amplitude squared
1 The Z axial current does not contribute due to the Furry’s theorem as the axial current is even under C.
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|M|2 = 1
4
(∣∣∣∣∑
f
Mf (+,+)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (L,+)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (−,−)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (L,−)
∣∣∣∣2
)
,
(50)
where |Mf (+,+)|2 = |Mf (−,−)|2 and |Mf (L,+)|2 = |Mf (L,−)|2. For contributions from
a fermion f , we obtain, to leading order in vDM, Mf (±,∓) = 0 and
|Mf (+,+)|2 = y2V
(4pi)4
Λ4
1
8 pi2
(
|κf1 |2
(4− xZ)2
(
CRχ + C
L
χ
)2
+ |κf2 |2
(
CRχ − CLχ
)2)
,
|Mf (L,+)|2 = y2V
(4pi)4
Λ4
1
2 pi2
|κf1 |2
xZ (4− xZ)2
(
CRχ + C
L
χ
)2
, (51)
with yV = NC Q
2
f αemm
2
χ. The coefficients κ
f
1 and κ
f
2 are
κf1 =
(
CRf + C
L
f
)
zA (−4 g(xf , xZ)xf (4− xZ) + xZ (8− xZ + 4∆B1))
+
(
CRf − CLf
)
xZzV (8− g(xf , xZ)xf (4− xZ)− xZ + 4∆B1) ,
κf2 = (4− xZ)
((
CRf + C
L
f
)
zA +
(
CRf − CLf
)
zV (1− g(xf , xZ)xf )
)
. (52)
It is straightforward to generalize to cases with more than one fermion by the replacement
Q2fκ
f
i →
∑
f
Q2fκ
f
i ,
for i = (1, 2, 3). Note again that by setting zA = 0, xZ = 0 (mZ = 0) and zV = 1 which
implies κf1 = 0 and hence the longitudinal component drops, Eq. (34) is reproduced. Due
to Furry’s theorem, the contribution from the SM fermion vector current (axial current) is
nonzero only in the presence of the the Z axial current (vector current). Nevertheless just
like the diphoton case there is no asymmetry in this Z-photon case as well due to the lack
of complex couplings for CP violation in LD2 .
3. LD3
Similarly, one has for the amplitude squared
|M|2 = 1
4
(∣∣∣∣∑
f
Mf (+,+)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (L,+)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (−,−)
∣∣∣∣2 + ∣∣∣∣∑
f
Mf (L,−)
∣∣∣∣2
)
.
(53)
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For contributions from a fermion f , one has to leading order in vDM,
|Mf (+,+)|2 = y2A
(4pi)4
Λ4
16xf
(4− xZ)2 pi2
∣∣∣∣√2C˜∗χfλ1 + 1√2C˜χfλ2
∣∣∣∣2
= y2A
(4pi)4
Λ4
16xf
(4− xZ)2 pi2
((
C˜2χfλ
∗
1λ2 + C˜
∗2
χfλ1λ
∗
2
)
+
C˜χf C˜
∗
χf
2
(
4|λ1|2 + |λ2|2
))
,
|Mf (−,−)|2 = y2A
(4pi)4
Λ4
16xf
(4− xZ)2 pi2
∣∣∣∣√2C˜χfλ1 + 1√2C˜∗χfλ2
∣∣∣∣2
= y2A
(4pi)4
Λ4
16xf
(4− xZ)2 pi2
((
C˜2χfλ1λ
∗
2 + C˜
∗2
χfλ
∗
1λ2
)
+
C˜χf C˜
∗
χf
2
(
4|λ1|2 + |λ2|2
))
,
|Mf (L,+)|2 = y2A
(4pi)4
Λ4
32xf
(4− xZ)2 pi2
∣∣∣∣2C˜∗χfλ1 + 12C˜χfλ3
∣∣∣∣2
= y2A
(4pi)4
Λ4
32xf
(4− xZ)2 pi2
((
C˜2χfλ
∗
1λ3 + C˜
∗2
χfλ1λ
∗
3
)
+
C˜χf C˜
∗
χf
4
(
16|λ1|2 + |λ3|2
))
,
|Mf (L,−)|2 = y2A
(4pi)4
Λ4
32xf
(4− xZ)2 pi2
∣∣∣∣2C˜χfλ1 + 12C˜∗χfλ3
∣∣∣∣2
= y2A
(4pi)4
Λ4
32xf
(4− xZ)2 pi2
((
C˜2χfλ1λ
∗
3 + C˜
∗2
χfλ
∗
1λ3
)
+
C˜χf C˜
∗
χf
4
(
16|λ1|2 + |λ3|2
))
,
Mf (±,∓) = 0 , (54)
with yA = NC zAQ
2
f αemm
2
χ and
λ1 = 4− xf g(xf , xZ) (4− xZ) + xZ∆B1 ,
λ2 = g(xf , xZ) (4− xZ) (−4− 2xf + xZ)− 2xZ (2 + ∆B1) + 8 (3 + 2∆B1) , (55)
λ3 = − 16 (1 + ∆B0 + ∆B1)
+ xZ [12− xfg(xf , xZ) (4− xZ) + 8∆B0 − xZ (1 + ∆B0) + 8∆B1] . (56)
Similarly, it is straightforward to generalize to cases of multiple fermions by factoring in zA
and mf (terms depending on fermion properties) and summing up contributions within | |2,
i.e., |Stufff |2 → |
∑
f Stufff |2. It is clear by setting zA = 0, the amplitude vanishes as in the
two photon final state. However, with the Zγ final state, the polarization asymmetry can
be generated if C˜s are complex and the internal particles are on-shell.
For illustration, the circular polarization asymmetry resulting from a single fermion con-
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tribution is proportional to
1
4
(∣∣∣∣Mf (+,+)∣∣∣∣2 + ∣∣∣∣Mf (L,+)∣∣∣∣2 − ∣∣∣∣Mf (−,−)∣∣∣∣2 − ∣∣∣∣Mf (L,−)∣∣∣∣2
)
=
(4pi)4
Λ4
16 y2A xf
pi2 xZ
|C˜χf |2 sin (2 θχf ) (2t1 + t2 + 2t3) , (57)
where
C˜χf = |C˜χf | (cos θχf + i sin θχf ) ,
t1 = |g(xf , xZ)| sin θ′2 (2xZ + xf (4− 3xZ)) ,
t2 = |g(xf , xZ)| |∆B1| sin(θ′2 − θ3)
(
x2Z + xf (8− 6xZ)
)
,
t3 = |∆B1| sin θ3 (4− 3xZ) + |∆B0|
(
xf |g(xf , xZ)| sin(θ′2 − θ4) (4− xZ)
− xZ |∆B1| sin(θ3 − θ4) + 4 sin θ4
)
, (58)
and ∆B0 = |∆B0| (cos θ4 + i sin θ4).
Here we summarize our theoretical calculation. In the diphoton final state, only two
effective operators LS and LD1 can give rise to circular polarization asymmetry, whereas in
the Z-photon final state, besides LS and LD1 , LD3 can also generate the asymmetry. It is
necessary in each non-vanishing case to have couplings with P and CP violation and some
internal particles have to go on-shell (Cutkosky cut) to generate the asymmetry.
VI. NUMERICAL RESULTS
First, the polarization asymmetry versus DM mass mχ for scalar DM with the diphoton
final state is shown in Fig. 2. The y-axis is the polarization asymmetry normalized to the
total amplitude squared:
|∑fMf (+,+)|2 − |∑fMf (−,−)|2
|∑fMf (+,+)|2 + |∑fMf (−,−)|2 , (59)
where we consider b-quark only (top left panel), (b, t) (top right panel) and (τ , c, b, t) (bottom
panel) contributions. The blue lines refer to universal couplings CSf = C
P
f for all fermions
involved, while the purple lines assume the couplings are proportional to the internal fermion
mass: CSf = C
P
f ∼ mf/mχ. The vertical red dashed lines indicate the masses of fermions
involved.
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FIG. 2. The polarization asymmetry in the diphoton state for scalar DM with b-quark only (top
left), (b, t) (top right) and (τ , c, b, t) (bottom) contributions. The blue lines correspond to universal
couplings CSf = C
P
f for all fermions involved, while the purple line assumes couplings scale with
the fermion mass: CSf = C
P
f ∼ mf/mχ. See text for details.
From the top left panel, it is clear that polarization asymmetry exists when the inter-
nal fermion is on-shell for mχ > mb. In the top right panel, the blue line exhibits the
aforementioned interference effect between heavy-light fermions that can be important for
mt ≥ mχ ≥ mb. In contrast, the purple line does not feature a significant interplay between
the quarks because the contributions from b are suppressed by the coupling for mχ  mb,
leading to a small interference. Finally, the bottom panel shows more complicated interfer-
ence features if more fermions participate in the processes.
Next, we display results for the Zγ final state which, unlike the diphoton channel, can
actually generate asymmetry in the case of the tensor operator LD3 . Note that as the Z
boson will eventually decay into SM particles, we sum over all Z polarizations. Therefore,
the asymmetry is defined as
|∑f,ZpolMf (Zpol,+)|2 − |∑f,ZpolMf (Zpol,−)|2
|∑f,ZpolMf (Zpol,+)|2 + |∑f,ZpolMf (Zpol,−)|2 . (60)
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FIG. 3. Similar to Fig. 2 but for the Zγ final state. Left: Circular polarization asymmetry for
scalar DM with LS . Right: Circular polarization asymmetry for fermion DM with the tensor
operator LD3 .
The left panel of Fig. 3 corresponds to the scalar DM with LS, while the right panel presents
fermion DM with LD3 , both with (τ , c, b, t) included in the loop. As above, we assume a
universal coupling C˜χf = (1 + i)/
√
2 (blue line) and C˜χf =
mf
mχ
(1 + i)/
√
2 (purple). For
simplicity, we confine ourselves to the on-shell Z in the final state such that mχ ≥ mZ/2.
As can been seen from the plots, the interference effect between the heavy-light fermions is
more significant in this case. Different operators and coupling choices behave quite similarly
with LD3 having much larger b-quark contributions and hence stronger interference effects
for mχ & mZ/2 in the presence of the universal coupling.
We conclude this section by showing the ratio of fluxes from the loop-induced χχ →
γγ and continuous γ-ray spectrum from the final state radiation (FSR) of tree-level DM
annihilation processes χχ → f¯fγ. The ratio of DM-origin photon numbers in the energy
bin of [mχ(1− ),mχ(1 + )] (: energy resolution of an experiment of interest) between the
discrete lines and total contribution reads
N lineγ
N totalγ
=
2〈σv〉γγ 0.68
2〈σv〉γγ 0.68 + 〈σv〉f¯f∆Nγ
, (61)
where 0.68 is the probability of the photon line being reconstructed with the energy bin
[mχ(1− ),mχ(1+ )], and the prefactor 2 comes from the fact that there are two photons in
the final state at each DM annihilation. The symbol ∆Nγ is the number of photons within
the energy bin, given a DM annihilation
∆Nγ =
∫ mχ(1+)
mχ(1−)
dΓ
dEγ
dEγ , (62)
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where dΓ
dEγ
is the FSR photon energy distribution (vanishing if Eγ > mχ) and obtained from
PPPC4DMID [20, 21].
In the left panel of Fig. 4, including b and t-quarks only we have shown the ratio of
Eq. (61) for universal couplings (blue) with CSf = C
P
f , and couplings proportional to the
mass of fermions (purple) with CSf = C
P
f ∼ mf/mχ, for scalar DM. Note that for mχ ≥ mt,
the annihilation channel χχ→ t¯t is open. We assume the energy resolution to be 10% (solid
lines) and 5% (dashed lines). It is clear that with a better resolution, the discrete component
becomes relatively larger as the decreasing bin width reduces the continuous component.
Moreover, although χχ → γγ is loop suppressed, the ratio can still be sizable since the
FSR photon spectrum diminishes in limit of Eγ → mχ. Finally, for couplings ∼ mf the
contributions to photon lines from the t-quark loop is much more important than b-quark,
leading to prominent line signals. This scenario mimics the SM Higgs diphoton decay, where
the fermion contributions are dominated by the top quark.
In the right panel of Fig. 4, we show a similar plot but replacing the numerator of the
ratio (discrete photon number) by the absolute value of the polarized photon number, i.e.,
∆N lineγ ≡ |Nγ(+,+)−Nγ(−,−)|. The asymmetry can be pronounced for mχ & mt especially
for the case of couplings proportional to masses. It can be understood from the top right
panel of Fig. 2 that the asymmetry is sizable when mχ & mt and from the fact that the line
component dominates for large mχ as displayed in the left panel of Fig. 4.
The total differential DM-origin photon flux by including all annihilation channels de-
noted by i from the Galactic Center is
d2Φtotalχ
dΩ dEγ
=
1
2
r
4pi
(
ρ
mχ
)2
J
∑
i
〈σv〉i dΓi
dEγ
, (63)
where dΩ is the solid angle, r is the distance from the Galactic Center to the Sun, ρ is
the local DM density, and J is the J factor which is the integration of DM contributions
along the line of sight. If both DM particle and antiparticle are present, an extra 1/2 is
needed. Assume the astrophysical γ-ray background be unpolarized and its differential flux
be denoted by
d2Φbkg
dΩ dEγ
. (64)
Then, the number of background photons that contributes to the N totalγ in Eq. (61) is given
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FIG. 4. Left: The number ratio of discrete photons to discrete plus continuous ones. Right: The
number ratio of polarized photons to the total DM-origin photons. The blue lines correspond to
universal couplings while the purple lines indicate couplings proportional to the mass of fermions
in loops. We assume the energy resolution to be 5% (dashed) and 10% (solid). See the text for
more details.
by
Nbkgγ =
dΦbkg
dΩ
[
1
2
r
4pi
(
ρ
mχ
)2
J
]−1
, (65)
where
dΦbkg
dΩ
=
∫ mχ(1+)
mχ(1−)
d2Φbkg
dΩ dEγ
dEγ .
Thus the degree of circular polarization will be lowered by the unpolarized γ-ray background.
That can be remedied by increasing the energy resolution of the γ-ray polarimetry to capture
the polarized line photons.
VII. CONCLUSIONS
The azimuthal angle of the plane of production of an electron-positron pair created in a
γ-ray detector provides a way of measuring linear polarization of incoming γ rays. It has
been demonstrated that the use of an active target consisting of a time-projection chamber
enables the measurement of the linear polarization with an excellent effective polarization
asymmetry [22]. The current γ-ray detectors are not designed primarily for polarization
measurement. Instruments sensitive to linear polarization will be employed in future γ-ray
experiments such as AdEPT, HARPO, ASTROGAM, and AMEGO, with the minimum
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detectable polarization (MDP) from a few percents up to 20% [23, 24]. In principle, the
measurement of bremsstrahlung asymmetry of secondary electrons produced in Compton
scattering can be used to determine the circular polarization of incoming γ rays. However,
no efficient methods using non-Compton scattering techniques for measuring γ-ray circular
polarization have been developed to date. Improved or even new techniques for γ-ray circular
polarimetry are yet to be explored.
We have studied the possibility for a net circular polarization of the γ rays coming
from dark matter annihilations. We have considered the effective couplings between the
fermions in the Standard Model and neutral scalar, Dirac, and Majorana dark matter,
which annihilate into monochromatic diphoton and Z-photon final states. The circular
polarization asymmetry in the diphoton and Z-photon states for the scalar dark matter
can be substantial (even up to nearly 90% for the Z-photon channel), provided that P and
CP symmetries are violated in the couplings and internal fermions are on-shell. Given the
energy resolution of a γ-ray detector at 5 − 10% level, the degree of circular polarization
at the dark matter mass threshold can reach 10 − 40% for the dark-matter induced γ-ray
flux coming from the Galactic Center. The unknown astrophysical γ-ray background would
obscure the detectability. However, we can make use of the line spectrum of the γ-ray flux
from dark matter annihilations to single out the polarization signals from the background, if
unpolarized, and the continuum photons resulting from annihilating final-state interactions.
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